The flat voltage of the main pulse on the load of intense electron-beam accelerators (IEBA) is one of the important factors which affect the quality and characteristic of the output beam current of IEBA. In this paper, the effect of the transition section between the Blumlein pulse forming line (BPFL) and load on the output voltage of IEBA is analyzed in theory. Based on the telegraph equations of the BPFL, a formula which is used to calculate the output voltage of IEBA is obtained, and the factor which affects the output voltage is analyzed. It is found from the theoretical analysis that the wave impedance and transmission time of the transition section influence considerably the fluctuation of the main pulse voltage waveform at the load. In order to get a well-shaped square waveform at load and to improve the electron-beam quality of such an accelerator, there should be a proper wave impedance of the transition section, and the transmission time of the transition section should be designed as short as possible. At last, some experiments are performed on IEBA, and the experimental results show reasonable agreement with theoretical analysis.
I. INTRODUCTION
The Blumlein pulse forming line (BPFL) [1] provides flat (rectangular) voltage pulses with an amplitude equal to the charging voltage delivered into a load with a resistance, with a value matching twice the impedance of the individual pulse forming lines. The Blumlein can be constructed either in cylindrical form or in parallel plate configuration [2] . In cylindrical form [3, 4] , its basic structure consists of mainly three coaxial cylinders of different radii, named inner cylinder, middle cylinder, and outer cylinder, respectively. The space between the cylinders is filled with liquid dielectric medium, such as oil or water. The Blumlein can readily be designed in terms of output impedance, pulse length, and voltage by a suitable choice of the dimensions of the Blumlein cylinder conductor and the dielectric material serving as the energy storage medium.
The intense electron-beam accelerators (IEBA) based on the Blumlein line [5] [6] [7] are widely used in a great variety of applications such as in intense relativistic electron-beam generation [8] , high power microwave generators (HPMG) [9] , x-ray generation [10] , and so on. At the same time, improving electron-beam quality is very important for the requirement of these applications. Especially in the application of the high power microwave generators, the ideal pulse voltage is the flattop rectangular pulse with fast rise time and fall time, and the plateau time of the main pulse voltage should be long enough, because the typical HPMG can operate at the highest efficiency in this pulse voltage [11] . Now the duration of the output voltage of the IEBA is increased by the development of the spiral BPFL [12] [13] [14] . However, for the Blumlein generator, the output voltage is usually a well-shaped square wave, but there is [8, 15, 16] fluctuation on the flat part of the output voltage, which affects the quality of the electron beam. In the paper [16] , the designed condition of spiral BPFL for the output ideal plateau voltage pulse at the matched load has been discussed. The effect of the fluctuation of the output voltage on other factors has not been investigated by others, so in this paper we will discuss the factors which affect the fluctuation of flat of the output voltage of IEBA, especially the transition section which is between the BPFL and load. In this paper, during the BPFL discharge into the load, the model of IEBA is presented and the factor which affects the flat of the output voltage of the IEBA is analyzed in theory; formulas for calculating the main pulse of IEBA are obtained. At last, experiments are performed on an IEBA based on BPFL with water dielectric. The experimental results accord with the theoretical results. The work in this paper is helpful to understand the fluctuation on the flat of the output voltage of IEBA based on BPFL, and the resulting equation for the output voltage pulse is useful to other researchers.
II. THEORETICAL ANALYSIS

A. Model and theoretical calculation
The construction of the IEBA based on the pulsed transformer and BPFL is illustrated in Fig. 1 , which consists of the primary storage capacitor, field distortion switch, pulsed transformer, main switch, the water BPFL, transition section, the load, and resistive divider.
The BPFL consists of three coaxial cylindrical lines filled with deionized water as dielectric. The PFL formed by the inner cylinder and the middle cylinder are usually called inner line. If the PFL are formed by the middle cylinder and the outer cylinder, they are called outer line. The transmission time and wave impedance of the inner line and outer line are 1 , Z 1 and 1 , Z 3 , respectively. Also the transition section ( Fig. 1) which is between the BPFL and the load is also a transmission line; it is formed by the inner cylinder and outer cylinder of the BPFL and the transmission time and wave impedance are 2 , Z 2 . So during the BPFL discharge into the load, the equivalent circuit of the BPFL is shown in Fig. 2 , where S is the main switch, CE is the inner line, FD is the outer line, EA and BF are transition sections, and Z L is the load.
In order to get the output voltage of the IEBA, coordinate system X, Y, Z, and W are built in Fig. 2 . When the BPFL is charged to a voltage U (U < 0), once the main switch S is closed, the BPFL cannot stay in equilibrium since the BPFL elementary capacitors adjacent to the load Z L start discharging. So the voltage at the inner line and outer line satisfied the telegraph equations: 
Then Laplace transform is used to solve Eq. (1). So the current and voltage is
where
, and B 4 are undetermined coefficients, p is the parameter in the Laplace transform.
. Then substituting Eq. (3) into Eq. (2), and 
and there are
So the output voltage of IEBA is
For Eq. (8), we assume that
So Eq. (8) can be rewritten as
For the IEBA, the main pulse is the most important and we just pay attention to the flat of the main pulse of the output voltage of IEBA. So during the inverse Laplace transformation, just x À1 is taken into account. Then Eq. (10) can be further simplified as
Then substituting x ¼ e p 1 , y ¼ e p 2 into Eq. (11),
Using the characteristic of the inverse Laplace transformation,
where L À1 stands for inverse Laplace transformation, lðtÞ is the step function, which is defined as follows:
So the flat of output voltage of the IEBA is
In fact, according to the characteristic of the wave propagation, n is definite and determined by 1 and 2 , n max ¼ ½ 1 = 2 so EFFECT OF A TRANSITION SECTION BETWEEN 
Also, from Eq. (10), for x À3 y À3 , it is easy to get
Equation (17) determines the back edge of the output voltage, and Oð 2 ; 1 Þ stands for the remainder, if t
From Eqs. (16) and (18), the main pulse of the output voltage, 
Equation (19) is the formula which is used to calculate the output voltage of the IEBA.
B. Discussion with different conditions
In order to show the voltage waveform directly, assuming that 1 ¼ 50 ns, 2 ¼ 10 ns, four conditions are discussed. (a) Z 1 ¼ Z 3 ¼ 6 , Z L ¼ 12 , which means that the load is matched with the BPFL completely. 
, for this condition, the load is not matched with the BPFL, also the wave impedance of the inner line is not equal to that of the outer line.
According to Eq. (19) and the assumption above, the main pulse of the output voltage at different conditions is shown in Fig. 3 . There is fluctuation on the flat part of the output voltage in Fig. 3 , and when the wave impedance of the transition section is too small, there will be no flat at the output voltage. For example, when Z 2 ¼ 1 , the output voltage is not a square wave at any conditions. Also, if the wave impedance of the transition section is too big, the fluctuation on the flat of the output voltage will be obvious, and the fluctuation increases with the incensement of the Z 2 . Choosing the proper Z 2 , there will be a minimal fluctuation. For example, In Figs. 3(b) and 3(d) , if Z 2 is 3 , the fluctuation of the main pulse is almost inexistent. So for the BPFL, a proper wave impedance of the transition section is very important for forming a well-shaped square wave.
One important thing should be noted: if the transmission time of the transition section is short, this kind of effect is not so obvious. For example, if 1 ¼ 50 ns,Z 2 ¼ 10 and In Fig. 4, when 2 is 1 ns [Fig. 4(a)] and 2 ns [Fig. 4(b) ], respectively, it shows that the output voltage is a wellshaped square wave, and the plateau time is about 90 ns, 80 ns. Therefore, the transition section has little effect on the output voltage. But if the transmission time increases from 2 to 6 ns [ Fig. 4(c) ], even 10 ns [ Fig. 4(d) ], the plateau time of the output voltage is only about 60 and 40 ns, respectively; the duration of the fluctuation is much longer. So for the same BPFL, the transmission time of the transition section should be short, the shorter the better. Otherwise, the plateau time of the output voltage will be affected. Also, we know that the transmission time of the transition section is 2 ¼ M ffiffiffi ffi " r p c , (" r is the relative permittivity of the dielectric of the BPFL, c is the velocity of light), so the length of the transition section should be kept as short as possible.
Through that analyzed above, some basic conclusion can be obtained. (1) The wave impedance of the transition section should not be too small or too large, and a proper wave impedance of the transition section which is determined by the impedance of the BPFL is helpful to decrease the fluctuation of the flat of the output voltage and to form a well-shaped square wave. (2) For the same BPFL, in order to decrease the fluctuation of the flat of the output voltage, the transmission time of the transition section should be short, so the length of the transition section should be kept as short as possible.
III. EXPERIMENTAL STUDIES AND DISCUSSION
In order to identify the correctness of the theoretical analysis above, an experiment is performed using an IEBA [13] based on the strip spiral Blumlein PFL with water dielectric; the structure of the IEBA is shown in Fig. 1 , and the IEBA is called IEBA-A. Through the theoretical calculation, the wave impedance of the inner line and outer line are 6:2 and 6:3 , respectively, the transmission time 1 is about 70 ns. The wave impedance and transmission time of the transition section are 9 and 10 ns, respectively. During the experiments, a high power load with inductance of 20 nH and capacitance of 0.5 nF is used, and the resistance of the load is adjustable. The output voltage of the IEBA is measured by 480:1 resistance voltage divider. Figure 5 shows the output voltage waveform when the load is 10 .
In Fig. 5 , it clearly shows that there is fluctuation on the flat of the output voltage, which may be caused by transition section. In order to verify this conclusion, substituting the parameters of the IEBA-A into the Eq. During the experiments, it is difficult to change the length of the transition section so, in order to verify the conclusion above, an experiment which is performed by Katsuki [6] is employed. In Ref. [6] , an IEBA based on the BPFL is introduced: 1 is about 35 ns, the wave impedance of the inner line, outer line, and transition section are 5 , 5:4 , and 10:4 , respectively, from the structure of the BPFL, 2 is about 2 ns, and the BPFL is charged by positive voltage of 120 kV. Now the Blumlein generator in Ref. [6] is called IEBA-B. Figure 7 shows the waveform of the output voltage of IEBA-B during the experiment when the load is 10 . It is a well-shaped square waveform except for a sharp spike in front of the main pulse, and Katsuki thinks that the sharp spike is caused by the stray inductance of the load.
Then substituting these parameters of IEBA-B into Eq. (19), the output voltage of IEBA-B in theory is shown in Fig. 8 , and a sharp spike is formed in front of the main pulse. The voltage of the sharp spike is a little less than that of the experiment in Fig. 7 , which may be caused by the stray inductance of the load. However, the flat of the output voltage is in accordance with the experiment result. So a conclusion can be drawn that the sharp spike is caused by the transition section as well as the stray inductance of the load.
Comparing the results between the IEBA-A and IEBA-B, it clearly shows that the transition section between the BPFL and load has a great effect on the output voltage of the IEBA, and the experimental results correspond with the theoretical analysis well.
IV. CONCLUSION
We have used the telegraph equations of BPFL to study the fluctuation of the output voltage of IEBA. Through the theoretical analysis, a formula which is used to calculate the output voltage of the IEBA based on the BPFL is obtained, and the factor which affects the fluctuation of the output voltage is analyzed. These results show that the output voltage of the IEBA is affected by the transition section of the BPFL seriously and some conclusions can be made as follows.
(1) Our calculating results in Fig. 3 demonstrate that the wave impedance of the transition section should not be too small or too large, and a proper wave impedance of the transition section which is determined by the impedance of the BPFL is helpful to decrease the fluctuation of the flat of the output voltage and to form a well-shaped square wave.
(2) For the same BPFL, in order to decrease the fluctuation of the flat of the output voltage, the transmission time of the transition section should be short enough, so the length of the transition section should be kept as short as possible. The shorter the transmission time of the transition section, the smaller the fluctuation, which is shown in Fig. 4 .
At last, some experiments are used to verify the conclusions above, and the experiment results show reasonable agreement with the theoretical analysis. So, in order to decrease fluctuation of the output voltage of the IEBA based on the BPFL and to improve the electron-beam quality of such an accelerator, the transmission time of the transition section should be designed as short as possible.
